Introduction
In hereditary hemochromatosis and in the various forms of secondary iron overload, there is a pathological increase of total body iron stores principally due to an increase in dietary iron absorption (1) (2) (3) . The liver is the major recipient of this excess absorbed iron, and with severe chronic iron overload patients can develop portal fibrosis and eventually cirrhosis (1) (2) (3) . Clinical evidence for iron toxicity of the liver has been provided by studies of patients with hereditary hemochromatosis, secondary iron overload due to ,6-thalassemia, and African iron overload (3) . The precise mechanisms of iron toxicity with the subsequent development of hepatic fibrosis in conditions of iron overload are not fully understood.
The traditional role of tissue ferritin in the overall physiology of iron metabolism has been one of iron storage because of its capacity to sequester large quantities of iron in a soluble, nontoxic and biologically available form. Tissue ferritin is composed of an apoprotein shell (molecular mass -480 kD) which surrounds a core of up to 4,500 atoms of iron in the form of ferric hydroxy-phosphate (4) . It is a globular protein made up of 24 subunits of two different subunit types, H or heavy (21 kD) and L or light (19 kD) (5) . A specific membrane-bound receptor for tissue ferritin has been described previously in a variety of different cells and tissues including rat and human hepatocytes, pig liver, guinea pig reticulocytes, human placenta, various tumor cell lines, and lymphocytes (6) (7) (8) (9) (10) (11) (12) . The precise physiological function of the ferritin receptor is unclear, however it has been suggested that the ferritin receptor on hepatocytes acts to scavenge tissue ferritin from the circulation (13, 14) . It has been proposed recently that tissue ferritin may act as an iron transport protein (15) . Aisen and colleagues (15, 16) demonstrated that iron derived from Kupffer cell phagocytosis of erythrocytes is released into culture medium bound to tissue ferritin. This ferritin is subsequently internalized by the hepatocyte ferritin receptor in vitro (15, 16) . It is not known whether this paracellular pathway functions in vivo, however it has been postulated that the hepatocellular uptake of iron from ferritin may be more physiologically relevant than previously thought (15) . However, in other cell types, ferritin receptors are now postulated to be involved in cellular activation and proliferation (14) . More specifically, it has been proposed that an H-ferritin-specific receptor is expressed on lymphocytes which downregulates cellular proliferation (12) .
Lipocytes (also known as Ito cells or fat-storing cells) are the hepatic cells responsible for increased collagen production in fibrogenic conditions (17) . In experimental models of ironinduced hepatic fibrosis, activated lipocytes have been shown to be responsible for increased collagen production (18, 19) . However, nothing is known about (a) the mechanisms involved in lipocyte iron metabolism, (b) the role of iron-binding proteins in lipocyte biology, including activation, or (c) the possible involvement of these proteins in the development of ironinduced fibrogenesis. To begin to answer some of these questions, the current studies were designed to determine whether rat lipocytes express a receptor for tissue ferritin, to examine whether ferritin is internalized by lipocytes, and to determine if ferritin receptor expression is accompanied by lipocyte activation.
Methods
Liver cell isolation and culture. Lipocytes and Kupffer cells were isolated by perfusion of normal livers from male retired breeder, Sprague-Dawley rats (450-550 g) (Harlan Laboratories, Indianapolis, IN) using sequential pronase and collagenase (Boehringer Mannheim Corp., Indianapolis, IN) digestion. This procedure was followed by density gradient centrifugation using arabinogalactan (Larcoll; Sigma Chemical Co., St. Louis, MO) as described previously (20) . Lipocytes were harvested from the top density gradient layers of 1.04-1.045 g/ml. Lipocytes isolated in this way are vitamin A replete, demonstrating the unique characteristic of rapidly fading blue-green autofluorescence when exposed to light at a wavelength of 328 nm (21, 22) . Kupffer cells were isolated from the 1.065-1.08-g/ml interface at the bottom of the gradient. For the characterization of ferritin receptors, cells were cultured in 12-well plastic tissue culture plates (Corning Glass Works, Corning, NY). Cells were maintained in an atmosphere of 5% C02/95% air at 370C in M199 supplemented with 12 mM sodium bicarbonate, 12 mM glucose, insulin (4 U/liter), penicillin (100,000 U/liter), streptomycin (0.1 g/liter), 1 AM corticosterone, and 10 mM Hepes (termed basal medium) with 20% serum (10% calf/10% horse). Lipocytes were also cultured in 2-well plastic chamber slides (Nunc Inc., Naperville, IL) for microscopic examination or were maintained in suspension for 4 h to examine the expression of ferritin receptors in quiescent cells.
The viability and purity of lipocytes at isolation were > 95 and > 98%, respectively, as assessed by trypan blue exclusion and the characteristic of rapidly fading blue-green autofluorescence, respectively. After 3 d of culture on uncoated plastic, the viability was > 95%, and the purity was > 99%. Endothelial cells and Kupffer cells did not contaminate the lipocyte cultures, as assessed by the uptake of fluorescently tagged acetoacetylated LDL (20) and the phagocytosis of 3-,um latex beads, respectively. While hepatocytes express ferritin receptors (see Discussion), they were rarely present with < 1% contamination in 3-d lipocyte cultures. This level would not contribute significantly to the specific ferritin binding observed in cultured lipocytes. The National Research Council criteria for the care and use of laboratory animals in research were followed carefully, and the protocol was approved by the Animal Care Committee of the Saint Louis University Health Sciences Center.
Competitive binding assay. After 72 h in culture, the medium was replaced by basal medium containing 1% calf serum. Then, lipocytes (1 x 106/well) or Kupffer cells (4 X 106/well) were incubated for 2 h at 370C with 0.44 nM 251I-labeled rat liver ferritin (RLF)'h+a 100fold excess of either unlabeled RLF, rat transferrin (RTF), BSA, bovine ,l-lactoglobulin (f3-LG), human lactoferrin (HLFn), or horse spleen ferritin (HSF) (Sigma Chemical Co.). The cells were then washed three times in ice-cold Dulbecco's PBS (pH 7.4) and lysed by the addition of sodium hydroxide (0.2 N final concentration). The amount of cellbound 125I-RLF was determined in the lysate using a gammacounter. Kupffer cells from the same animals were used as a negative control in this study because of the absence of membrane-bound ferritin receptors. RLF was iodinated using 125I-labeled Bolton and Hunter reagent (DuPont NEN Research Products, Boston, MA) as described previously (23) . Protein concentration was determined as described previously (24) .
Optimization of '251I-RLF concentration. For all subsequent experiments, only lipocytes were used and were plated at a density of 0.5 x 106/well. Cells were incubated with increasing concentrations of 12511 RLF±a 100-fold excess of unlabeled RLF for 2 h at 370C. Cells were then washed three times in ice-cold PBS, and cell-bound 1251-RLF was determined as described above.
1. Abbreviations used in this paper: B,,,(, maximum binding capacity; HHF, human heart ferritin; HLF, human liver ferritin; HLFn, human lactoferrin; HrHF, human recombinant H-ferritin; HrLF, human recombinant L-ferritin; HSF, horse spleen ferritin; 63-LG, 63-lactoglubulin; RLF, rat liver ferritin; RTF, rat transferrin. Time course study. Lipocytes were incubated at 370C with 0.67 nM 125I-RLF~a 100-fold excess of unlabeled RLF for up to 150 min. At each time point, the cells were processed for determination of cellbound 1251I-RLF as described above.
Ferritin subunit specificity. To determine the ferritin subunit specificity of the ferritin receptor, lipocytes were incubated for 2 h at 370C with 0.67 nM 125I-RLF~a 100-fold excess of either unlabeled RLF, human heart ferritin (HHF), human liver ferritin (HLF) (Scripps Laboratories, San Diego, CA), human recombinant H-ferritin (HrHF), or human recombinant L-ferritin (HrLF) (S6T-K86Q, kindly provided by Dr. Paolo Arosio, University of Milano, Italy). The HrLF mutant contains two amino acid substitutions, which do not affect the biochemical and functional properties of the ferritin (Dr. Paolo Arosio, personal communication). Cell-bound 251I-RLF was determined as described above.
Scatchard analysis. In separate experiments, lipocytes were incubated with 0.67 nM 125I-RLF for 2 h at 370C±increasing concentrations of unlabeled RLF ranging from 1.1 x 10 1to 3.3 x 10-7 M. Cellbound 1251I-RLF was determined as described above. Scatchard analysis was performed on the binding data using the "LIGAND" computer program as described previously (25) . Internalization of FITC-labeled RLF. FITC-labeled RLF (specifically prepared for these experiments by Molecular Probes, Inc., Eugene, OR) was added to lipocytes grown on plastic chamber slides, at a final concentration of 0.19 ILM RLF. After a 15-min incubation at 370C, the wells were washed twice with Krebs' buffer (pH 7.4), and then I ml of Krebs' buffer (37°C) was placed in each well. The cells were examined for the subcellular presence of FITC-labeled RLF over a 45-min period, using a confocal-laser microscope (ACAS 570; Meridian Instruments, Inc., Okemos, MI). This instrument was equipped with a 5-W argon laser and used a computerized stage for X-Y movements. The excitation wavelength used in the detection of internalized FITC-labeled RLF was 488 nm (with laser power set at 100 mW), and the fluorescence (emission) was measured using a 530-nm FITC filter. Confocal images were captured using a computer-enhanced pseudocolor scale. Images of background lipocyte autofluorescence were captured before the addition of FITC-labeled RLF to verify that this phenomenon did not interfere with the detection of the FITC-labeled RLF signal.
Demonstration of lipocyte activation. When lipocytes are cultured on uncoated plastic in a medium containing serum, they proliferate and ultimately develop a "myofibroblast-like" phenotype (26). One of the markers of this activation process is a-smooth muscle actin (27) . Activation of lipocytes was determined in both freshly isolated cells and in cells cultured for 3 d in chamber slides by detecting the expression of asmooth muscle actin using the following methods. For immunostaining, lipocytes were washed in PBS and fixed with ice-cold methanol for 5 min. Nonspecific binding was blocked as described previously (27) . Lipocytes were incubated overnight (25°C) with mouse antia-smooth muscle actin antibody (1:400, clone 1A4; Sigma Chemical Co.). Then, the cells were washed and incubated for 2 h (25°C) with anti-mouse IgG antibody conjugated to FITC. After washing, lipocytes were examined by fluorescence microscopy for the characteristic fibrillar appearance of immunofluorescent a-smooth muscle actin filaments (27) . For Western blot analysis, cells were solubilized with SDS-lysis buffer and sonicated for 20 s. Then, the cell lysate was boiled for 3 min, and the suspension was centrifuged at 16,000 g for 20 min (4°C). The supernatant was subjected to SDS-PAGE, followed by Western blotting as described previously (27) . The membranes were incubated sequentially with mouse anti-a-smooth muscle actin antibody and horseradish peroxidase-conjugated anti-mouse IgG antibody and, finally, chemiluminescence detection (ECL; Amersham Corp., Arlington Heights, IL) was performed.
Suspension assay. Ferritin receptor expression was also examined in quiescent cells. Lipocytes were maintained in suspension (in a shaking waterbath) at 370C in an atmosphere of 5% C02/95% 02, in basal medium containing 20% serum for 4 h. Viability of lipocytes was maintained at > 90% during this time. Quiescence was confirmed by the absence of a-smooth muscle actin expression determined by both immu- 
Results
Competitive binding assay. Ferritin receptor binding was identified on rat lipocytes by the competitive displacement of '"I-RLF by a 100-fold excess of unlabeled RLF only (Fig. 1 a) .
The level of specific binding of '`'I-RLF to lipocytes was 64.5±4.3% in this experiment. There was no competitive displacement of "5I-RLF by either RTF, BSA, 8-LG, HLFn, or HSF. Rat Kupffer cells did not demonstrate specific binding of 'I-RLF (Fig. 1 b) .
Optimization of 12SI-RF concentration and time course study. When lipocytes were incubated with increasing concentrations of 1"I-RLF for 120 min, there was an increase in the amount of 1251I-RLF binding by the cells. The level of specific binding increased to 65.4±5.6% when the concentration of '"I-RLF was 0.67 nM (Fig. 2 a) . There was no further increase in the percentage of specific binding at higher concentrations, and 0.67 nM '25I-RLF was used in all further studies of the characterization of the ferritin receptor. The specific binding of 0.67 nM '"I-RLF to lipocytes reached saturation after incubation for 120 min (Fig. 2 b) .
Ferritin subunit specificity. Fig. 3 demonstrates the results of a study designed to examine the ferritin subunit specificity of the lipocyte ferritin receptor. HrHF, HLF, and HHF all demonstrated competitive displacement of '25I-RLF with 56±2, 55±6, and 60±6% specific binding, respectively. HrLF, however, showed no competitive displacement of '"I-RLF. (Fig. 4 a) suggested a single class of binding sites for RLF was present on rat lipocytes, with an estimated Kd of 5.1±2.9 x 10`°M and a maximum binding capacity (Bm,,,,() of 4.7±1.3 X 10-12 M (Fig. 4 b) . Rat lipocytes express 5,000-10,000 ferritin receptor sites per cell.
Internalization of FlTC-labeled RLF. Lipocytes cultured on plastic chamber slides were examined using fluorescence confocal microscopy both before (Fig. 5 a) and after the addition of FITClabeled RLF (Fig. S b) . Internalization of RLF was observed within 15 min. Fig. S b demonstrates the internalization of FITClabeled RLF 45 min after initial incubation, with FITC-labeled RLF observed inside the lipocyte cell membrane but excluded from the nucleus.
Coordinate expression of a-smooth muscle actin and ferritin receptors. After 3 d, lipocytes grown on uncoated plastic tissue culture dishes expressed both a-smooth muscle actin (Fig. 6, a and b) and ferritin receptors (Fig. 6 c) . The expression of asmooth muscle actin was demonstrated using both immunohistochemical (Fig. 6 a) and Western blotting techniques ( Fig. 6 b) . These findings verify that all experiments designed to identify and characterize the expression of ferritin receptors were conducted on activated lipocytes. Freshly isolated lipocytes did not express asmooth muscle actin, indicating that these cells were quiescent. Quiescent lipocytes did not express ferritin receptors (Fig. 6 c) .
Discussion
These experiments have demonstrated for the first time the existence of a specific, high affinity receptor for tissue ferritin on activated rat lipocytes, with an estimated Kd of 5.1±2.9 x 101`0 M, a B,,, of 4.7±1.3 X 10-12 M, and 5,000-10,000 receptor sites per cell. The binding of ferritin to its receptor is a saturable process, and maximal binding is reached after 2 h, with the highest level of specific binding (65.4±5.6%) obtained using 0.67 nM 125I-RLF. We have also shown that the receptor appears to behave as a "scavenger" for tissue ferritin and that the binding of ferritin to the lipocyte ferritin receptor appears to be dependent on the H-ferritin subunit. Finally, we have demonstrated that tissue ferritin is internalized by rat lipocytes and that the ferritin receptor is expressed in activated but not in quiescent lipocytes. Until recently, very little was known about the cells responsible for the increased production of extracellular matrix observed in fibrogenic conditions. With current advances in hepatic cell separation, activated lipocytes have been demonstrated to be the principal collagen-producing cells in hepatic fibrogenesis (17-19, 28, 29) . Morphological studies in both humans and in experimental animals have shown that in hepatic fibrogenesis, lipocytes become activated, taking on a myofibroblast-like phenotype (17, 26, 27, 29) . This process involves increased proliferation (26, 30), decreased cellular vitamin A stores (26, 27, 31), increased expression of the genes responsible for extracellular matrix production (28), and the expression of a-smooth muscle actin (27, 32 ). Activated lipocytes have been shown to be responsible for the increased collagen production observed in various experimental models of hepatic fibrosis (28) , including iron overload ( 18, 19) , perhaps due to products of lipid peroxidation (33) . In this study, lipocyte activation, as evidenced by the expression of a-smooth muscle actin, was accompanied by the expression of ferritin receptors. Whether ferritin receptor expression is involved in initiating the activation process or is a marker of activation remains to be elucidated.
While there are no previous data on lipocyte ferritin receptors, the existence of ferritin receptors on hepatocytes (6) (7) (8) 13) and on several other cell types and tissues (14) is well documented, with similar binding affinities as those observed in this study. Rat hepatocytes have been shown to express a ferritin receptor with a Kd of 1 x 10-9 M, 30,000 binding sites per cell, and specific binding of -50-60% (6) . Other studies using human and pig hepatocytes (7, 8) , guinea pig reticulocytes (9) , and immature red blood cells (34) have observed specific ferritin binding with Kd values ranging from 1.7 x 10-9 to 3.4 x 10-10 M (35) . Human MOLT-4 T lymphoid cells demonstrate specific binding for HrHF with a Kd of 1.4 X 10-8 M and -6,000-15,000 receptor sites per cell (35) .
It is generally accepted that most cells acquire iron through either receptoror nonreceptor-mediated uptake of transferrinbound iron (36) . Recent studies have suggested that tissue ferritin may act as an iron transport protein in the paracellular movement of iron from Kupffer cells to hepatocytes (15, 37) . Aisen and colleagues ( 15) quire up to 1.2 X 106 atoms of iron per cell per minute through the internalization of ferritin by the hepatocyte ferritin receptor. The comparative level of iron acquisition from transferrin was estimated at 4 x 106 atoms of iron per cell per minute (15) . This iron transport pathway could potentially represent a significant route of iron flux into the hepatocyte. With the demonstration of a lipocyte ferritin receptor and the potential for a paracellular pathway of iron transport between liver cells, it is possible that a similar route of iron flux from Kupffer cells to lipocytes may exist. Suggestive evidence for the existence of such a pathway may come from a recent study which examined iron-induced hepatic fibrosis in the gerbil (38) . A single parenteral injection of iron-dextran was administered to gerbils and resulted in the deposition of iron predominantly in the Kupffer cells. After 6 wk, increased hepatic fibrosis was present, and at 3 mo micronodular cirrhosis was observed. Ferritin was observed within hepatic lipocytes, however it was not clear whether this ferritin was synthesized endogenously or whether it was taken up after the parenteral iron loading of Kupffer cells. Findings from our present study provide a possible explanation for the observations in gerbils. Since we have demonstrated that tissue ferritin is internalized by lipocytes in vitro, it is possible to speculate that a Kupffer cell to lipocyte paracellular iron/ferritin pathway may exist. In addition to a possible role in mediating paracellular ferritin movement, the lipocyte ferritin receptor may modulate lipocyte activation and/or proliferation, as described in other cell types (14, 39) . Several groups have demonstrated that ferritin inhibits the proliferation of granulocyte-macrophage and erythroid progenitor cells (40) (41) (42) . Recent studies have shown that H-ferritin receptors on proliferating lymphocytes (12) and erythroid cells (43) probably mediate H-ferritin-induced growth suppression. These investigators have shown that Hferritin-binding sites are a marker for lymphocyte proliferation, with the specific function of downregulating proliferation. More recent evidence suggests that the ferroxidase site on H-ferritin subunits is necessary for this growth suppression activity (44) . The H-ferritin-dependent binding of RLF (which contains on average 37-43% H subunits) (45, 46) to activated lipocytes is supported by the observations that HHF (which contains predominantly H subunits) (47) and HrHF inhibit RLF binding, while HrLF and HSF (which contains predominantly L subunits) (47, 48) do not affect RLF binding. HLF also inhibited the binding of RLF to lipocytes. HLF contains -10% H subunits (47) , which may explain this observation. Further investigation will be required to fully elucidate the structural differences between H-and L-ferritin which determine the subunit specificity of the lipocyte ferritin receptor. Since ferritin receptor activity is present in activated but not in quiescent lipocytes, it is possible that the ferritin receptor is either involved in the activation cascade or that the expression of the ferritin receptor is a marker of lipocyte activation.
In summary, we have demonstrated for the first time the existence of a specific, high affinity receptor for tissue ferritin on activated, but not on quiescent, rat lipocytes. We have also shown that ferritin is internalized by activated lipocytes. The lipocyte ferritin receptor appears to act as a scavenger for tissue ferritin, and the binding of ferritin to the receptor may be dependent on the H subunit. Ferritin receptors therefore have potential roles in lipocyte iron metabolism and in modulating the activation state and/or proliferation of lipocytes in hepatic fibrogenesis. 
